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1. Introduction 


It is well known that if a number of opaque spherical particles are inter- 
posed in the path of a beam of light, they will give a corona consisting 
of bright and dark rings. To illustrate the formation of such corona, it is 
usual to employ lycopodium powder dusted on a glass plate which produces 
two or three bright rings. If, however, the lycopodium spores are observed 
under a microscope, it is found that their shape is not at all spherical. The 
shape can best be described as a tetrahedron with a spherical cap. In spite 
of this deviation from sphericity, it is remarkable that the lycopodium 
particles can give clear rings, the sizes of which can be verified to obey the 
circular disk formule fairly well. 


It is commonly supposed that the formation of the rings is a sort of 
average effect and that different portions of the particles give rise to different 
sizes for the rings. Thus, if the shape of the particles does not differ from 
a sphere by a large amount, then these rings will be of nearly the same size, 
so that they can be observed. That this explanation is not correct will be 
seen from the following experiment. 


Spores of ‘* pinus longifolia” give a corona consisting of at least two 
bright rings. A photograph of the corona, together with a microphoto- 
graph of the spores, magnified about a hundred times, are reproduced in 
Fig. 4, Plate I. It will be seen from the photomicrograph that the shape 
of these spores does not at all approach that of a sphere. In fact, their 
maximum dimension is about double the minimum. Hence, if the forma- 
tion of the corona is just an average effect, then no ring system must be 
visible. Actually, rings are visible, although they are not very clear on 
account of a large background intensity. It is therefore of interest to examine 


under what conditions a non-spherical particle can give rise to a visible ring 
system. 
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2. Diffraction Pattern of a Non-spherical Particle 


In order to discuss the above problem, one has to consider somewhat 
in detail, the formation of a Fraunhofer diffraction pattern. Considering 
an aperture of arbitrary shape, and neglecting, as is generally done for small 
angle diffraction, the obliquity factor, it can be shown that the effect of the 
entire aperture at any point, other than the exact focus, reduces to that of 
a line distribution of light sources along its edge. This has been discussed 
by Rubinowicz (1917, 1924) and Laue (1936). But the result can be derived 
in a simple manner, and the simple derivation is given here for the sake of 
completeness. 


| 
0 J 
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Suppose that F is the focus of the lens (Fig. 1) and that it is required 
to find the intensity at a point P in the focal plane, at which the waves 
diffracted in a direction making an angle @ with that of the incident wave 
are brought to a focus. Take a set of rectangular axes Ox and Oy in the 
aperture, so that the x-axis is parallel to FP. If the incident wave is repre- 
sented by sin Z (amplitude unity), then the amplitude at the point P is 


sin (Z — 2m x sin 0/2) dx dy, 


where the integration is performed over the whole aperture. Now, divide 
the aperture into a number of strips by means of lines parallel to the x-axis, 
the width of each strip being equal to dy. Integrating the above expression 
between the limits x, and x, which correspond to the extremities of one of 
these strips, the integral becomes 


[cos (Z — 2nx sin dy. 


Now, calling the portion of the boundary intercepted by this strip as 
ds, dy = ds sin ¢, where ¢ is the angle made by ds with the plane of diffraction, 
i.e., with the x-axis. Since the integral of dy vanishes when one makes a 
complete circuit round the edge, i.e., 6 dy = @ ds sin ¢ =0, sin d must 
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be considered positive at one end of the strip, and negative at the other end. 
Hence, the effect of the entire aperture in the direction @ may be written as 


G cos (Z — sin 8/A) sin ds. 


This line integral is taken round the boundary of the aperture, and in it x 
and sin @ are to be regarded as functions of s. Hence, the resultant 
intensity is 

I = (P? + Q*)/47*/? sin? 0, where 

P = cos sin sin ¢ ds and 

Q = G sin (2xx sin @/A) sin ¢ ds. 


Now, it is seen from the above formule that the parts of the edge for 
which ¢ is zero, that is those which run parallel to the x-axis do not contri- 
bute anything to the intensity at the chosen point o° observation, P. Indeed, 
we may go further, and state that the only sensible contributions are those 
made by parts of the edge running approximately parallel to the )-axis, for 
which ¢ is nearly a right angle. For, the co-ordinate x, and therefore also 
the phase of the radiations, are stationary for these points, which may be 
designated as the ‘ poles’ of the point of observation. Thus, in any case 
in which the aperture has a curved boundary without singularities, the line 
integral may be replaced by point sources placed at such poles, of which 
naturally there must be at least two. The diffraction pattern would then be 
regarded as the interferences of the radiation from these point sources. 
Geometrically, the positions of these sources are such that the tangents to 
the boundary at them are parallel, and are all perpendicular to the plane of 
diffraction. Such points may be said to be “ opposed”, and they are 
responsible for the diffracted intensity in the direction considered. The 
existence of these poles has been observed experimentally by Banerjee (1919) 
and by Mitra (1919, 1920). 


The problem thus reduces to finding such opposed points for a non- 
spherical particle. Then, the diffraction pattern will approximate to that 
given by a circular aperture, whose diameter is equal to the distance between 
these opposed points. It must be noted that when the diffraction corona 
is given by a large number of particles, the particles themselves are oriented 
in all directions, so that the pattern will always be circular. Hence, if the 
distance between the opposed points is a constant over a small region of the 
boundary, then the rings corresponding to this distance will stand out from 
the background intensity, the clarity of the rings being greater, the larger 
the region over which this distance is a constant. If, however, the shape of 
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the particle is completely arbitrary, and the distance is not a constant even 
for a small region, then no rings will be visible. Thus, the condition for 
the formation of a ring system is that the distance between the opposed points 
is a constant over an appreciable region of the boundary. 


3. The Case of Pinus longifolia 


The above criterion for the formation of a ring system by non-spherical 
particles directly explains why spores of Pinus longifolia must give rise to 
visible rings. The shape of this particle. as already mentioned, deviates 
very much from a sphere, the maximum and minimum dimensions being 
about 55 » and 30, so that if the corona is a sort of average effect, then one 
should expect no rings at all. However, on the idea of opposed point 
sources, the formation of the rings is easily understood. 


B 


Fic. 2. Shape of Pinus longifolia 


If one examines the shape of the particle as presented to the beam of 
light, it is found that it is mostly as shown in Fig. 2. In this cross-section, 
there is an appreciable portion of the boundary (AB and CD) over which the 
distance between the two opposed points is very nearly a constant. This, 
together with the fact that the particles are all orientated at random, is the 
reason why a visible system of rings is produced. Since the effective width 
varies rapidly in the other portions of the particle, the background intensity 
is quite large. 


That this explanation of the formation of the rings is correct was 
verified by measurement. The diameters of the various rings were measured, 
and knowing the focal length, their angular radii were calculated. The 
distance AD or BC was determined from the microphotograph, as an average 
of a large number of measurements. This was found to be 55. Taking 
this value to be the diameter of a circular aperture, the angular radii of the 
rings in its diffraction pattern were calculated. These are tabulated in 
Table I below, and it will be seen from it that the agreement between the 
value calculated from the diameter, and the one measured is quite close, 
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showing that the rings correspond to the distance AD (or BC), as is to be 
expected from the theory. 


TABLE [ 
Angular radius @ 
Ring 
Calculated Measured 
ist Min. 0-0121 0-0124 
lst Max. 0-0163 0-0169 
2nd Min. 0- 0223 0-0221 
2nd Max. 0- 0266 0-0274 


4. Corone Produced by Lycopodium 


As already stated, another typical example of a non-spherical particle 
is Lycopodium. The shape of a Lycopodium spore can best be described as 
a tetrahedron with a spherical cap. It is bounded by four sides, three of 
which are triangular plenes while the fourth is spherical and convex. Hence, 
the cross-section presented by the Lycopodium spore to the incident beam 
of light may be approximately a circle, when the convex face is towards it. 
or a sector of circle, when one of the plane sides faces the beam. The latter 
(Fig. 3) is of more frequent occurrence, since the spore can rest on one of 
its plane sides. In fact, if the microphotograph is examined, it will be found 
that the circulai shape is only of rare occurrerce, while the commonest shape 
for the cross-section is that shown in Fig. 3. Intermediate shapes may also 
occur, but they resemble Fig. 3 in having a segment of a circle AB, and two 
lines OA and OB, which may be unequal. 


Fic. 3 Cross-Section of Lycopodium Spore 


Let us therefore consider what the positions of the opposed points are 
for the shape shown in Fig. 3. The angle AOB is invariably greater than a 
right angle, so that there are points P and Q in the segment AB at which the 
tangents are parallel to OA and OB respectively. Hence, the opposed 
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sources are P and the whole line OA, and Q and the line OB. The distance 
between these are PP’ and QQ’, which are generally very nearly equal to 
each other. Hence the distance between the opposed sources is PP’ or QQ’. 
Obviously, these opposed sources cover a very large portion of the boundary, 
so that the general background intensity given by the rest of the boundary 
is quite small. This is why the patterns with Lycopodium are much clearer 
than with Pinus longifolia. 


There are, of course, variations in the size of the spores. These will 
give rise to a background intensity, which is discussed in the next section. 


Thus, the ring system will correspond to the distance PP’, (or QQ’) i.e., 
the average value of PP’ for all the particles. That this explanation of the 
formation of the rings is correct was verified as follows. The distances PP’ 
and QQ’ were actually measured from the microphotograph my means of 
a travelling microscope. The negative was rotated so as to bring OA (or OB) 
parallel to the vertical cross-wire, and the microscope was adjusted so that 
the cross-wire coincided with it. The microscope was then moved until 
the cross-wire was tangential to the curved boundary AB. The distance 
moved by the microscope gave a measure of PP’, and since the magnification 
was known, the actual distance could be calculated. Both PP’ and QQ’ 
were measured for a large number of spores (both when they were nearly 
equal, and otherwise), and the average was determined. 


This procedure was employed for two types of Lycopodium, Lyco- 
podium clavatum and Lycopodium bisdepuratum, supplied by Merck, which 
were available in the laboratory. The values obtained were, for the bisde- 
puratum 33-1 u and for the clavatum 34-4 u. Taking this to be the diameter 
of the equivalent circular disk, the theoretical angular radii of the rings in 


TABLE II 
Bisdepuratum Clavatum 
Ring Angular radius Ring Angular radius 
Theoretical | Experimental Theoretical | Experimental 

ist Min. 0-0206 0-0202 Ist Min... 0-0194 0-0202 
Ist Max. 0-0277 0-0280 Ist Max... 0-0260 0: 0275 
2nd Min. oc 0-0378 0-0361 2nd Min... 0-0355 0-0355 
2nd Max. os 0-0454 0-0451 2nd Max. .. 0-0426 0-0436 
3rd Min. 0-0548 0-0533 

3rd Max. 0-0626 0-0615 
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the corona were computed. The actual corone were also photographed, 
and the experimental values of these were calculated knowing the focal 
length of the lens. Enlarged pictures of the corone and also the micro- 
photographs (magnification 94) are reproduced in Fig. 5, Plate I. The 
theoretical and experimental values of the angular radii are tabulated in 
Table II below. The agreement between the two is satisfactory, showing 
that the idea of the opposed points is true for Lycopodium also. 


5. Corone due to Particles of Variable Size 


It was mentioned in the previous section that variations in the size of 
the particles will affect the background intensity. The explanation of this 
is as follows. If there are a large number of spherical particles, whose 
size is not a constant, but varies slightly, then, the rings given by the different 
particles will not all be of the same size, but will be different. Consequently, 
the rings will not be perfectly bright and dark, but there will be some 
irtensity in the dark portions also. This lack of darkness of the dark rings 
will be greater, the larger the variation in the size of the particles. If the 
variation is very large, the rings wil! be blotted out, and there will only be 
a continuous decrease of the intensity from the centre outwards. 


It is also obvious that if the variation in the size of the particles is small 
then the position of the rings will very nearly correspond to those in the 
corona due to a sphere of the average size, but their intensities will differ 
from those in it. 

The above results find a confirmation if one studies the corone given 
by the two types of Lycopodium. The most striking thing that is observed 
on looking at the photographs in Fig. 5 is the greater clarity and contrast 
of the rings given by the bisdepuratum. In fact, under identical conditions, 
three bright rings were visible in the negative of the corona of the bisdepuratum, 
while only two were seen in that of the clavatum. Also, the dark rings are 
darker, and the ring system clearer with the bisdepuratum as can be seen 
from Fig. 5. 


The cause for this was investigated. A study of the microphotographs 
and a large number of observations under the microscope showed that the 
difference cannot be attributed to any difference in the shape of the particles, 
for they were both very nearly of the same shape. It was finally found that 
it must be ascribed to the difference in the range of particle-sizes in the two 
types. A large number of measurements of the size of the spores showed 
that the variation in the size was comparatively smaller for the bisdepuratum 
than for the other type. For the former, the size varied mostly between 
30 » and 35 u, with only very few outside these limits. On the other hand, 
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for the latter, the variation was from 30 » to 40 nw. This will be clear from the 
study of the following typical set of readings for the distance between the 
opposed points. 
Clavatum.—Size in » 32, 34, 31, 37, 37, 32, 33, 33, 30, 34, 
37, 33, 34, 34, 35, 36, 37, 39, 36, 37. 
Bisdepuratum.—Size in p 33, 34, 32, 31, 35, 34, 32, 34, 35, 34, 
31, 34, 33, 33, 30, 33, 33, 32, 33, 34. 


The greater range of variation in the size of the c/avatum spores clearly 
explains why the corona is less distinct with it than with the bisdepuratum. 


The second result, namely that the radii of the rings correspond toa size 
which is the average has already been verified in the last section. 


My best thanks are due to Prof. Sir C. V. Raman for the suggestion of 
the problem and for the kind guidance he gave me during the investigation. 


Summary 


It is pointed out that the Fraunhofer diffraction due to an obstacle of 
arbitrary shape can be replaced by that given by a linear distribution of 
sources along its boundary. Most of the intensity at any point in the pattern 
can again be supposed to originate from a finite number (usually two) of 
point sources, called “opposed points” or “poles”, situated on the 
boundary. In this way, if there are a large number of non-spherical pariicles 
distributed at random, then a ring system will be formed whose size wiil 
correspond to the distance between the opposed points. If this distance is 
a constant over an appreciable region of the boundary, then the rings will 
stand out from the background intensity. This explanation of the forma- 
tion of the rings, has been verified using spores of Pinus longifolia and of 
Lycopodium. It is also shown that variations in the size of the particles 
affect the clarity of the rings detrimentally, the rings becoming less and less 
clear as the range of particle sizes increases. This is also verified by using 
two types of Lycopodium. 
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1. Introduction 


THe lunar atmospheric tide has been determined for a number of stations 
by Chapman and others. For stations in India the determinations have 
been made for Madras by Chapman,! for Bombay by Pramanik,? and for 
Kodaikanal and Periyakulam by Pramanik, Chatterjee and Joshi.? Since 
Kodaikanal is a high level station (7,480 ft.) and Periyakulam is at low-level 
(944 ft.), the latitudes for the two stations being nearly the same, it was 
expected that the investigation of the lunar tide at these two stations would 
throw some light on the influence of the altitude of the station on the lunar 
tide. As a result of their analysis Pramanik, Chatterjee and Joshi concluded 
that the amplitude of the semi-diurnal component of the lunar tide does not 
vary with the height of the station above sea-level. It was thought desirable 
to check this conclusion by an independent determination of the lunar tide 
at another high level station. With this object in view, the determination 
of the lunar atmospheric tide at Bangalore was undertaken and the results 
of the analysis of the data for Bangalore for the period 1895-1904 are pre- 
sented in this paper. The determinations of Chapman include those for 
two other high level stations, viz., Kimberley* and Mexico®; a comparison 
and discussion of these results is given in para 5 below. 


2. The Data 

Bangalore is situated in South India, its approximate geographical 
co-ordinates being: latitude 12°58’ N., longitude 77°35’ E. The height of 
the barometer cistern above sea-level is 3,021 feet. The hourly values of 
the barometric pressure used in this paper were obtained from the tabula- 
tions of a Kew pattern photographically recording barograph. The readings 
were made at exact hours of local mean time and compared with those of 
a standard barometer. 
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3. General Plan of the R ductions 


The method of reduction adopted was similar to that used by 
Chapman in his determinations. The solar diurnal variation was removed 
before the hourly values were retabulated according to lunar time. In this 
paper data have been used to the nearest -01 inch, and days of range greate 
than or equal to -07 inch after the removal of the solar diurnal variation 
have been excluded. The lunar day was treated as having a duration of 25 
solar hours but 26 hourly entries were made in order to allow for non-cyelic 
variation. Greenwich times of lunar transit at Greenwich (as given in the 
Nautical Almanac) were used instead of the local times of local lunar transit. 
On this account a phase-correction of — 5° 21’ was applied to the calculated 
phase angle 

The material was subdivided, according to season, into three parts as 
follows :— 

J = June Solstice - May, June, July and August. 

E = Equinox = March, April, September and October. 

D = Winter = November, December, January and February: 

In addition, the lunar days were grouped according to lunar distance and 
separate inequalities were formed for groups of days centred at apogee 
and perigee. The period of 10 years was divided into two five-year groups 
and each set of data was independently reduced. The various sets of lunar 
hourly inequalities were then harmonically analysed and the semidiurné| 
component was derived in the form C, sin (2f + 6), where ¢ denotes time 
reckoned from lunar transit. 


4. The Results 


The following are the results for the seasonal and annual mean lunar 
tide at Bangalore. (N = number of days in the group.) The unit of 
pressure is 1 microbar. 


J = Summer D = Winter 
Period 


1895-1899 .. 50 34 1614 
1900-1904 .. 55 1623 
1895-1904 .. 50 41 3237 


The accordance of the figures for the two groups of years is not quite 
good for the seasonal tide but the figures for the annual tide for the two 


: 
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groups of years are in excellent accord. The results for the groups of days 
centred at apogee and perigee are as follow:— 


A 


1895-1899 35 
1900-1904 379 92” 386 47 


5. Discussion 


The seasonal variations in the amplitude and phase are similar to those 
at Madras and most other stations, the phase and amplitude being less in 
winter than at the other two seasons. The June-value of the amplitude is 
greater than the equinoctial value but the reverse is the case for the phase. 


The amplitude is also greater at perigee than at apogee thus showing 
the expected type of variation with lunar distance. The effect is however 
more marked for the first group of years than for the second. 


It has been mentioned in para | above that on the basis of the results 
for Periyakulam and Kodaikanal, Pramanik, Chatterjee and Joshi came to 
the conclusion that the amplitude of the lunar tide does not vary with the 
altitude of the station. With a view to discussing this question we collect 
below the results for some stations of increasing height above sea-level and 
in neighbouring latitudes, for which determinations of the lunar tide are 
available :— 


Altitude 
Station Latitude (in feet) 


13° O1 N. 


It will be seen that the amplitude decreases from Madras to Bangalore 
and from Bangalore to Mexico, corresponding to the increasing altitude. 
The values for Periyakulam at a small altitude and for Kimberley at an alti- 
tude approximately the same as that of Bangalore fit well into this scheme. 
Kodaikanal only seems to form a serious exception. According to 


| 
97° 
90° 
93° 
Cc, 
- Bombay .. 18° 54’ N. 49 
Periyakulam Pe ne 10° 09’ N. 944 52 
Bangalore 12° 58’ N. 3,021 46 
Kimberley 28° 42’ S. 3,944 46 
Mexico ir iy sa 19° 04’ N. 7,480 35 
Kodaikanal 10° 14’ N. | 7,688 | 52 
te 
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Pramanik, Chatterjee and Joshi the data for Kodaikanal and Periyakular 
are not so reliable. Even if these two stations be omitted, it will be seen that 
the remaining figures indicate a decrease in the amplitude of the lunar tide 
with increasing altitude of the station. But on the dynamical theory of 
atmospheric oscillations as developed by Lamb, Chapman and others, in 
an atmosphere with a uniform vertical temperature-gradient (as is nearly 
the case for the first 10 km. of the actual atmosphere), the amplitude should 
be practically independent of the altitude. It must however be borne in 
mind that while the theoretical result refers to the variation of the amplitude 
with altitude at a single station, the observational results given above refer 
to different stations and the latter may be affected to some extent by differ- 
ences of local conditions. Whether the decrease in amplitude indicated 
by the data given above is merely an accidental one or whether it represents a 
systematic decrease with altitude can only be settled by the determination 
of the lunar atmospheric tide at a few more stations of high altitude. 
6. Simmary 

The lunar atmospheric tide at Bangalore has been determined, using 
the data for 1895-1904. The re:ult is that the semi-diurnal component of 
the annual mean tide at Bangalore may be represented by 46 sin (2¢ + 84° 
The seasonal variation of the tide is similar to that at most other stations in 
that the amplitude and phase are minimum in winter. The dependence on 
lunar distance is also well shown, the amplitude at apogee being much less 
than that at perigee. A comparison of the results for Bangalore and other 


stations at different altitudes suggests that the amplitude diminishes with 
increasing altitude. 
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7. Introduction 


Tue green fluorescence of uranyl compounds originally discovered by 
Stokes in 1852 was later studied in detail by various workers namely, 
Becquerel (1872), Morton and Bolton (1873), Hagenbach (1872), Becquerel 
and Onnes (1909) and several others. Nichols and Howes (1919) in collabo- 
ration with Merrit, Wilber and Wick very extensively studied the fluorescence 
and absorption spectra of a large number of uranyl salts both at room and 
liquid-air temperatuies. Their work shows that the fluorescence spectra 
at ordinary temperature consist of eight broad and diffuse bands. On 
reducing the temperature to that of liquid air, the first and the eighth bands 
disappear and the remaining six get resolved into several line-like compo- 
nents. The new spectrum which now consists of several sharp and discrete 
bands falls into six regularly spaced groups of bands. The components 
contained in a group are the members of different series of bands. The 
frequency interval between two successive members of the same series is 
nearly 860cm.-! In the corresponding absorption spectra this inte:val 
diminishes to 700 cm.-! ; both in fluorescence and absorption spectra it 
varies only slightly from compound to compound, and small variations are 
also sometimes noticed from series to series in the same spectrum. 


This regularity in the spectra and the fact that only those compounds 
of uranium which possess the uranyl (UO,) group are fluorescent led 
Nichols and Howes to suggest that the constant frequency intervals are due 
to the uranium oxide. Dieke and Van Heel (1925) explained the constancy 
in the frequency intervals by attributing the observed bands to a simultaneous 
change of the electronic moment and of the oscillations of the nuclei of the 
UO, molecule. Thus, by assuming the oscillation frequency to be 860 cm.-! 
the main frequency interval observed in the fluorescence spectra could easily 
be explained. But unfortunately, the appearance of the large number of 
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bands and the smaller frequency intervals cannot be understood on_ this 
simple idea. Van Heel (1925) assuming the existence of one more frequency 
which he attributed to the vibration of UO, in the crystalline space-lattice 
attempted an interpretation of the bands. But as will be shown elsewhere, 
his explanation of the spectra is not satisfactory for various reasons. Fur:her 
more, the subject requires to be revised in the light of the new information 
regarding the vibrations of the UO,** molecule which has been obtained 
quite recently from the studies of Raman and infra-red spectra of urany! 
salts in solution and solid state respectively by Conn and Wu (1938) and by 


studies of Raman spectra in solution of uranyl chloride by Satyanarayana 
(1942). 


In this connection it will be mentioned that till now the uranyl com- 
pounds studied were of complicated structure like nitrates, double nitrates, 
sulphates, double sulphates, double chlorides, acetates, and phosphates. 
The comparatively simpler substances such as the uranyl halides were left 
out, apparently because of their weak fluorescence. However, as these 
substances, on account of their simpler structure are more likely to reveal 
the mechanism of fluorescence in uranyl compounds, a study of fluorescence 
spectrum of uranyl fluoride was undertaken in the present investigation. 


2. Experimental Arrangement 


The salt was in the form of a greenish grey powder and contained water 
of crystallisation. But unlike many other uranyl salts it was not hygro- 
scopic. The experimental arrangement for studying the fluorescence 
spectrum of the salt at liquid-air temperature was quite simple. It 
consisted of two rods—one of copper and the other of wood—ioined together 
to form a longer rod. A rectangular slot with a hole in the middle (which 
was useful for experiments on absorption spectra only) was made in the 
copper portion of the rod. The latter was held vertically by clamping 
the wooden portion, while the copper portion was immersed in liquid ait 
contained in a Dewar flask. A small rectangular glass cell which contained 
the salt was placed tightly in the slot. The cell was made of two rectangular 
glass plates of the dimensions of the slot which were sealed on the edges by 
beeswax. Light from an iron arc after having been filtered through a 
Wood’s glass and a water cell was focussed on the salt. The fluorescence 
radiation which did not pa s through liquid air, was condensed on the slit 
of a Fuess glass spectrograph and the spectrum was recorded on Ilford HP2 
plates. However, the intensity of fluorescence was so weak that even after 
an exposure of nine hours, oniy a few bands have appeared on the plate. 


x 
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3. Results 


The wave-numbers of the observed bands have already been reported 
by one of us (Pant, 1943). However, the accompanying table gives the results 
of more accurate measurements. 


TABLE | 
Group | Average 
Series 4 5 Av 
A 20234 (W) | 19366 (d) 18504 (d) 17641 (W) 864 
B 20082 (S) | 19217 (S) 18353 (S) 17492 (m) *16640 (W) 863 
Cc | 19150 (d) 18289 (d) 17427 (m) *16577 (W) 862 
D | 19124 (d) 18263 (W). | *17404 (W) 861 
E | 18970 (W?) 
* Visually estimated values S = Strong d =Dim 
? Fe line m = Medium W = Weak 


4. Interpretation of the Results 


The fluorescence spectrum of uranyl! fluoride is the simplest of all the 
observed spectra of uranyl salts. This is so because owing to weak fluo- 
rescence of the substance, only the stronger bands have been recorded. The 
interpretation of the spectrum becomes very simple when attempted on the 
basis of the data for the vibrational frequencies of the UO,*+ ion. Three 
frequencies are known from the studies of Raman and infra-red spectra 
namely v, (valence frequency) = 860 cm.-!, v, (deformational frequency) 
=210cm.-! and v, (anti-symmetric frequency) = 930 cm.-! In the energy 
level diagram given below we have (i) the electronic frequency « = 200 
82cm.-!, (ii) v, = 863 cm.-!, (ili) = 242 cm.-! and (iv) v3=928 cm.-} 
Transitions are also involved from a level at 150cm.~! higher than the 
excited electronic state. This represents the first quantum level of the 
deformational vibration (v,’) in the excited state. The vibrations are prac- 
tically harmonic. The valence frequency is the predominating one and 
other frequencies combine with the integral multiples of 1. 


We shall denote the quantum numbers of the vibrational levels of the 
ground state by where nz and ng are the numbers denoting the 
multiples of frequencies »,, v2 and v3 respectively, and the corresponding 
energy levels in the excited state will be denoted by (n,, m2, ns)’. The various 
bands can now be obtained as transitions from the two excited states 
0, 0, 0)’ and (0, 1, 0)’ to the various levels of the ground state, all transitions 
being allowed. 


Table II which shows the transitions that give rise to the fluorescence 
bands in uranyl fluoride at —185° is further illustrated with the following 
energy level diagram. 
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TABLE II 


Transitions Frequency in cm.~! 


Calculated 


= 


20232 
20082 
19369 
19219 
19154 


Ll 


values 


\ Visually estimated 


Energy level diagram for the fluorescence spectrum of uranyl fluoride 
at liquid-air temperature 
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An objection that can be raised against the scheme of energy levels 
given above is that it takes all the three vibrational frequencies as allowed 
in transition while some of these, according to strict selection rules, are 
forbidden. However, these rules are never so strictly obeyed and even in 
the spectra of gaseous polyatomic molecules, departures have been observed. 
To apply the selection rules to the case of spectra of crystals where forbidden 
transitions are commonly met with, is not correct. We are therefore, 
justified in making use of all the three frequencies for explaining the observed 
spectrum. Further, it will be seen, that all the bands arise due to transitions 
from only two neighbouring | 2vels (0, 0, 0)’ and (0, 1, 0)’ to the various levels 
of the ground state, in spite of the fact that the frequency of the exciting 
radiation (nearly 27000 cm.) is much higher than the frequency of the 
electronic band (0, 0, 0)’— (0, 0, 0) (20082 cm.-1). This instead of being a 
defect, is a strong point in favour of the scheme of energy levels and is 
further supported by the fact that fluorescence spectra of uranyl salts are 
largely independent of the exciting wavelengths. Nichols and Howes for 
example, find that at room temperature the fluorescence spectra are inde- 
pendent of the mode of excitation. Further, the experimenis of Van Heel 
(1625) on the monochromatic excitation of the fluorescence of uranyl 
potassium sulphate and autunite (calcium uranyl phosphate) at liquid air 
and liquid hydrogen temperatures clearly show that the fluorescence bands 
mainly arise from the excited electronic state. For, as soon as the frequency 
of the exciting radiation becomes equal to the frequency difference between 
the ground and excited electronic states, not only the strong lines but also 
the weak lines make their appearance in the fluorescence spectrum. How- 
ever, it is not mentioned definitely whether the full spectrum appears at this 
stage. No definite mechanism for such a behaviour can be suggested at 
present, but it is obvious that following the excitation of the uranyl ion 
there must be a redistribution of vibrational energy in such a way that the 
electronic or the vibrational states important in the fluorescence emission 
are not very dependent on the wavelength of the exciting light. The loss 
of extra vibrational energy can b2 brought about either by collisions with 
the uranyl ions or by the removal of this energy to the entire crystal in form 
of lattice oscillations. In the case of uranyl fluoride, the energy after 
redistribution is concentrated partly in the electronic (0, 0, 0)’ state and 
partly in the vibrational (0, 1, 0)’ state. But the vibrational state is more 
thinly populated than the electronic state, because the bands arising from 
the former are weak in comparison to those arising from the electronic level. 


In conclusion, the authors wish to express their indebtedness to 
Prof. Sir C. V. Raman for suggesting the problem and for guidance during 


the course of the work. 
A2 
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Summar y 


The fluorescence spectrum of solid uraryl fluoride has been studied at 
liquid-air temperature. The spectrum which consists of 17 sharp and 
discrete bands is classified into 5 groups and 5 series. The bands have been 
interpreted as being due to the transitions from (0, 0, 0)’ and (0, 1, 0)’ levels 
to the various vibrational levels of the ground state. All the three fre- 
quencies of the uranyl ion have been taken into account for the interpretation. 
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STARTING from y-resorcylic aldehyde! typical 5-hydroxy and-methoxy 
flavylium salts have now been prepared mainly with a view to study their 
fluorescence in solutions. Improved procedures for the preparation of the 
aldehyde and its methyl ether are described in the experimental part of this 
paper. By adopting them better yields are obtained and the operations 
are made easier. Attempts to condense the aldehyde with acetophenone 
itself have not been successful, but condensation has been effected with 
hydroxy substituted acetophenones and their acetates. In their colour reac- 
tions these new flavylium salts are less intense as compared with the 7-sub- 
stituted isomers and their fluorescence in solutions is almost negligible. 


Fluorescence emission of flavylium salts is maximum in concentrated 
sulphuric acid solutions, less intense in alcohol and minimum in aqueous 
medium. Only those that are very intense in sulphuric acid give detec- 
table fluorescence in aqueous acid solutions. Ridgway and Robinson? 
reported that most simply constituted flavylium salts exhibit fluorescence 
in concentrated sulphuric acid though only a few having methoxyl or hydroxy} 
in the 7 or 6 positions retain it on dilution with water. The 7th position is 
the most favourable and the 6th comes next. They found that the 8th 
position is definitely inhibitive since 8-methoxy compounds had an almost 
negligible fluorescence even in sulphuric acid solution. From the results 
presented in this paper the Sth position seems to be similarly un- 
favourable. Further, Pelargonidin does not give fluorescence in alcoholic 
solutions though it contains a hydroxyl group in position 7 ; the 5-hydroxyl 
present in this molecule seems to have a definite inhibitory effect. If the 
5-hydroxyl is modified by glucoside formation, is methylated or benzoylated 
or replaced altogether by a methyl group fluorescence reappears.* Flavylium 
salts with 7:8 combination of hydroxyl groups have been recently prepared 
by Robinson and Vasey. They have not recorded any fluorescence; it is 
possible it was not noticeable in alcoholic or aqueous solutions. Detailed 
data do not seem to be available 1elating to the influence of the hydroxyl 
groups in the 3-position and in the side phenyl nucleus. In general as the 
number of these groups increases absorption colour is intensified. Visible 
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fluorescence also seems to increase up to a particular stage, but later on 
is lost either due to the shifting of the fluorescence band to the infra-red 
or due to degeneration of the energy into heat. 


In some previous publications the structural characters governing 
fluorescence in coumarins were discussed. With regard to the above- 
mentioned influence of the position of the hydroxy and methoxy groups on 
fluorescence emission, the similarity between flavylium salts and coumarins 
is striking. It may be fortuitous or may be due to similar mechanisms 
functioning in both groups of compounds. The following suggestion may, 
however, be made. If we take into consideration only solutions in concen- 
trated sulphuric acid in which the resemblance is closest, coumarins can 
form hydroxy pyrylium salts. For either of the structural formule that could 
be given for the pyrylium salts resonance originating from 7 and 6 positions 
may be represented as below. It is possible that the conditions represented 
by them are the optimum for producing visible fluorescence. The effect 
should be comparatively inferior from the 6th position since electromeric 
changes cannot be so facile as when the 7th position is involved. 


x x 


— — 


x x 
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R=Substituted Phenyl or OH 
Experimental 


y-Resorcylic aldehyde was prepared by the decarboxylation of 2:4 
dihydroxy-3-formy! benzoic acid (Shah and Laiwalla’). Using a modified 
procedure for the decarboxylation and for the subsequent purification, the 
preparation was rendered more easy and the yield enhanced. 


The aldehydo acid (6-5g) and water (100 c.c.) were taken in an open 
pyrex conical flask (250 c.c. capacity) which was placed in an autoclave 
containing about 200 c.c. of water. The autoclave was closed tight and 
heated at 108-10° for eight hours. The contents were allowed to cool, 
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released, and the autoclave opened. The reddish-brown solid pro- 
duct found in the flask was extracted with ether repeatedly and the ethereal 
solution evaporated. A reddish oily residue (about 5 g.) was left behind 
which solidified in the course of a few hours. It was purified by dissolving 
in acetone and treating the solution with petroleum ether when an amor- 
phous brown impurity was deposited. The liquid was filtered and the filtrate 
carefully concentrated when pale yellow needles of y-resorcylic aldehyde 
(3:5 gm.) were obtained. 


The monomethyl ether of the above aldehyde was originally prepared 
in an indirect way by Limaye.* Direct methylation using aqueous alkali 
and dimethyl sulphate or methyl iodide gave mainly the dimethyl ether. 
The mono-methyl ether could, however, be obtained directly from y-resor- 
cylic aldehyde by adopting the following procedure for the methylation. 


y-Resorcylic aldehyde (0-1 g.) was dissolved in anhydrous benzene (20 
cc.) and treated with one molecular proportion of dimethyl sulphate in ben- 
zene solution and anhydrous potassium carbonate in excess (2-3 g.). 
After refluxing for 15 hours the mixture was treated with 10 c.c. of cold 
water in order to dissolve the potassium carbonate. The benzene layer was 
then separated and washed with a little water. It was then repeatedly 
extracted with aqueous sodium hydroxide (3%). The alkaline layer was 
acidified with hydrochloric acid, when the monomethyl ether of y-resorcylic 
aldehyde separated out as a fine crystalline mass. It then crystallised from 
boiling water as clusters of long needles melting at 76-77°C.; yield 65%. 
(Limaye m.p. 75° C.) 

3:5: 4'-Trihydroxy-flavylium chloride —y-Resorcylic aldehyde (0-2 g.) 
and w: p-dihydroxy acetophenone (0-2 g.) were dissolved in dry ethyl ece- 
tate, the solution saturated at 0° with dry hydrogen chloride and the gas 
passed slowly for a further period of 4 hours. The solution turned gradually 
red and after about an hour began to deposit bright red crystals of the 
flavylium chloride. It was kept overnight in a refrigerator and the crystals 
were filtered and washed with anhydrous ether. On recrystallisation from 2% 
aqueous methyl alcoholic hydrochloric acid, bright red needles with metallic 
lustre were obtained. Yield 63%. The product did not melt below 300° C. 
(Found: C, 61-4; H, 3-4; C,;H,,O, Cl requires C, 62-0 and H, 3-8%.) 


5-Methoxy-3 : 4'-dihydroxy-flavylium chloride was prepared from the 
monomethyl ether of y-resorcylic aldehyde adopting exactly the procedure 
given above. It was a dark red solid with a characteristic metallic sheen 
and appearing under the microscope as rhombic plates. It melted at 258-60°. 
(Found :.C, 63-5; H, 4:0; CygH,2O4 Cl requires C, 63-1 and H, 4-3%.) 
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3:5: 3’: 4’-Tetrahydroxy-flavylium chloride——For preparing this sub. 
stance y-resorcylic aldehyde had to be condensed with w: 3: 4-triacetoxy 
acetophenone. On previous occasions when this ketone had to be used for 
flavylium salt synthesis a mixture of anhydrous ethyl acetate and anhydrous 
alcohol was used as solvent. Flavylium condensation and deacetylation 
took place simultaneously. In the present case, however, probably due 
to complex changes taking place with y-resorcylic aldehyde (cf. phloroglu- 
cinaldehyde) in the presence of alcohol and hydrogen chloride, only brown 
amorphous substances insoluble in methyl alcoholic hydrogen chloride were 
obtained. Consequently the flavylium condensation and deacetylation had 
to be effected separately. 


Through a solution of y-resorcylic aldehyde (0-1 g.) and w: 3: 4-triace- 
toxy acetophenone (0-2 g.) in anhydrous ethyl acetate was passed a current 
of dry hydrogen chloride at ice temperature for about 3 to 4 hours. After 
keeping the contents in a refrigerato: at 0° overnight they were filtered and 
the reddish brown solid washed with anhydrous ether. The product was 
dissolved in hot 2% aqueous alcoholic hydrochloric acid and treated with an 
equal volume of 20% sodium hydroxide. The resulting brown solution 
was raised to boiling and after a minute acidified with concentrated hydro- 
chloric acid. The bright red solution of the flavylium chloride thus obtain- 
ed was cooled and then treated with further quantities of hydrochloric acid 
so that the concentration of the acid in the mixture was finally about 10%. 
On leaving it in a refrigerator, a fine reddish brown solid was deposited. 
It was freely soluble in 1% alcoholic hydrogen chloride and 2% aqueous 
hydrochloric acid. It was crystallised by dissolving in the former solvent 
and adding concentrated hydrochloric acid. The pure substance appeared 
as bright red needles which did not melt below 300°C.; (Yield 50%.) 
(Found: C, 58-1; H, 3-8; C,;H,,O;Cl requires C, 58-7 and H, 3-6%.) 


3:5:3': 4’: 5’-Pentahydroxy-flavylium chieride prepared from 
y-resorcylic aldehyde and w:3:4:5: tetra-acetoxy acetophenone adopting 
the above procedure. It was obtained as a reddish brown micro-crystalline 
_ solid which did not melt below 300°C. (Found: C, 55-3; H, 3:7: 
C,;H,,O,Cl requires C, 55-8 and H, 3-4%.) 


The following table gives a summary of the colour reactions exhibited 
by the 5-hydroxy and 5-methoxy flavylium chlorides prepared above. A 
solution of each substance in 1% alcoholic hydrochloric acid was employed 
for all tests except 4 and 9 and the colour produced by the addition of 
various reagenis recorded. For 4 the solid was used and for 9 an alcoholic 
solution without acid. 
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Reagent 5-Methoxy-3 :4’-|} | 3:5:3:4': S’%- 
Trihydroxy dihydroxy Tetrahydro: Pentahydroxy 


1. Colour of the solu- | Red—no fluo- Deep red 
tion 
2. 1% HCl Re Do. Do. Red 


3, 20% HCl ..| Orange—preci- q Light red 
pitatiion—no 


4. Cenc. H,SO, ..| Orange—very Red—no fluo- 
rescence 


lost on dilution 


with water i al 
5. Na Acetate ..| Pink—fades i Bluish pink— First violet 
rapidly i fades rapidly changing to 
blue and fades 
rapidly 
6. Na HCO, ..| Purple—fades i Blue—fades Blue—fades 
slowly ly rapidly rapidly 
1. Na,CO, .-| Purple-dichroic i Deep blue— Deep blue— 
rapidly fades rapidly fades 
slowly 
8. NaOH ..| Reddish-purple Blue-green— Blue-green and 
—rapidly fades | rapidly fades rapidly fades then quickly 
to yellow to very pale to yellowish turns brown 
yellow brown 
9. FeCl, se Nil i Blue Blue 


Summary 


Starting from y-resorcylic aldehyde some typical 5-hydroxy and methoxy 
flavylium salts have been prepared and studied. They exhibit negligible 
fluorescence even in concentrated sulphuric acid. The structural factors that 
affect fluorescence in flavylium salts are discussed and comparison effected 
with coumarins. 
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CONGRUENCE PROPERTIES OF RAMANUJAN’S 
FUNCTION 7(n) 


By K. G. RAMANATHAN 
(Research Scholar, University of Madras) 


Received January 26, 1944 
(Communicated by Dr. R. Vaidyanathaswamy, F.a.sc.) 


RAMANUJAN’S multiplicative arithmetic function r(n)* is defined by 
x*= x[(1 — x) (1 — x%)....]. (1) 
He stated, some congruence properties of r(m) for the moduli 5, 7 and 23, 
These were later proved by L. J. Mordell.? In this paper I prove congru- 
ences to moduli which are divisors of 24, viz., 
(a) 7(n) is odd if and only if n is the square of an odd number. 
(>) r(3n — 1) = 0(mod 3). 
(c) 7(4n — 1) = O(mod 4) 
(d) +(6n — 1) = 0 (mod 6) 
(e) 7(82 — 1) = 0 (mod 8). 
These imply in turn 
(f) 7(12n — 1) = 0 (mod 12) 
(g) 7(24n — 1) = 0 (mod 24). 
I think, these congruences have not been stated before [except (a) and (e) 
proved by Mr. Hansraj Gupta]. These resemble the congruences to o (n) 
proved by me namely, 
If o(n) is the sum of the divisors of the positive integer n then 
a(kn — 1) = 0(mod k) 
for k = 3, 4, 6, 8, 12 and 24 andn>1. 
2. We shall now prove the congruences of z(m). It is well known? that 
— x)(1 — x*)....J8 = 1 —3x + — +.... 
nen+l 
= tx (2) 


* It might be pointed out that Hardy's statement that r (23m) = 0 (mod 23) given on 
p. 165 is false since + (23) = 18643272 :\= 0 (mod. 23). 
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so tbat F (n)x* =x [1 —3x + —7x® +....]8 
1 


But if f(x) is any rational integral function of x then 
[f(x)]}* = f(x*) (mod 2). 


Therefore 
r(n) x* = 1)" (2n + 1) (mod 2). 


= 5 (—1)"(2n + 1) (mod 2) 


which shows that: 7(n) is odd if and only if n is the square of an odd 
number. 


3. Differentiating logarithm‘cally both sides of (1) we obtain 
Fn x® = P(x) 2 x* 
1 1 


2 
where P (x) =1 +,7*+....) 


=1 —2430(n) x* 
where o (n) is the sum of the divisors of 7. 
Equating coefficients of like powers of x we get 


(1 — m) r(m) = 24 o(r) 7(m—r) (8) 


which shows that since r(n) and o (m) are integers. 
(m — 1) = 0 (mod 24) m>1 (9) 
Putting in succession m = 2n, 3n, 3n — 1, 4n, 4n — 1 we get 
7(2n) = 0 (mod 8) (10) 
7(3n) = — 1) = 0(mod 3) (11) 
7(4n) = 7(4n — 1) = t(4n —2) = O(mod 4) (12) 


As regards +(6n — 1) we see that, since — 1 is a quadratic non-residue 
of 6, 6n — 1 cannot be a square and by (5) (6 — 1) is even. 


Also by (11) 7(6n — 1) is divisible by 3. Thus: 

«(6n — 1) = 0 (mod 6) (13) 
For 1 < r< 8m —1 we have 

7 (8 —r) o(r —1) = O(mod 2). (14) 
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Because if r = 7(mod 8) then r —1 = 6(mod 8), i.e., — 1 (mod 4) so that 
a(r —1) =0(mod 2). For all other r’s we see that (14) holds in virtue 
of 10, (11) and (12) and the congruences of a(n) stated by me.” 


—4n) — 1) = 24'S o(r —1) 
= 48 (mod 8) 


. 7(8" — 1) = O(mod 8) (15) 


(11) and (12) imply 7 (12m — 1) = O(mod 12) and 
(11) and (15) imply 7 (24n — 1) = 0(mod 24). 
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THE MEASUREMENT OF SURFACE TENSION BY 
MEANS OF SESSILE DROPS 


By H. J. TAYLOR AND J. ALEXANDER 
(From the Department of Physics, Wilson College, Bombay) 


Received January 24, 1944) 
7. Introduction 


THE main object of this paper is to describe a technique for the production 
and measurement of sessile drops, which offers a convenient and accurate 
method of measuring surface tension. Although the method has been known 
in principle for many years, its possibilities have not hitherto been fully 
exploited, for the following reasons: 


(1) Drops have usually been formed on a flat plate, which limits the 
application of the method to cases where an angle of contact greater than 
90° can be realized. 


(2) It is difficult to form drops on a plate of reproducible size, and still 
more difficult to ensure’ freedom from contamination. The method has 
thus compared unfavourably with, e.g., the maximum _bubble-pressure 
method, where a fresh surface is formed immediately before each observation. 


(3) The elementary text-book theory applies only to a drop of infinite, 
or at least very large radius, and until recently there have been very few 
attempts to develop the theory of small drops. The theory available to 
the earlier workers was wholly inadequate. 


For these reasons the sessile drop method, though familiar as a labora- 
tory exercise, has seldom been used in exact work. Sieg, in 1887, obtained 
the value 74-3 dyn./cm. for the surface tension of pure water at 20° C., from 
the measurement of sessile drops. This value is now known to be in error 
by about 14 units, which gives an idea of the magnitude of the uncertainties 
involved. In the present modification of the method we consider that the 
difficulties have been largely overcome. 


2. Theory 
The form of a liquid surface depends on the fundamental capillary 
equation 
Pr — Pp = a(1/R, + 1/Ry), (1) 
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where p, — p. is the pressure difference across the surface, a the surface 
tension, and R,, R», are the principal radii of curvature. For a sessile drop, 
formed in air saturated with the vapour of the liquid, this becomes 

a(1/R, + 1/R,) = — d,) + A, (2) 
where z is the depth below the uppermost point, d, the density of the liquid 
and d, that of the saturated air, and A is a constant depending on the size 
of the drop and having the value zero for an infinitely large drop. Introduc- 
ing x as a horizontal co-ordinate and taking the uppermost point as origin, 
the equation may be put in the form (vide Adam, 1941, p. 365): 


ab =2+8% (3) 
where ¢ is the inclination of the surface at any point to the horizontal, p the 
radius of curvature in the vertical section at that point, ) the radius of curva- 
ture at the origin, and f is the ratio 2b?/a?, a* being the capillary constant 

defined by 
= 2a/g(d, — (4) 
Equation (3) cannot be integrated in finite terms, but a numerical 
solution was given by Bashforth and Adams (1883) for surfaces of revolution. 
Their tables give the values of x/b, z/b, and V/b* for given values of ¢ and 8, 
V being the volume between the origin and a horizontal plane at the level z. 
Nearly all studies of the theory of surface tension measurements have been 
based on Bashforth and Adams’ tables. Unfortunately the tables are out 
of print and very rare. and no copy has been available to us for the present 

work. 


In experiments with sessile drops, the quantities which it is practicable 
to measure are h, the height of the drop measured from its equatorial plane, 
and r, its radius in that plane. For a very large drop we have the simple 
relation 

a?/r? = h?/r? (5) 
from which a? is at once found. A formula equivalent to this is used in 
the well-known experiment with mercury (‘ Quincke’s method ”’) usually 
to be found in laboratory courses. Evento secure 1% accuracy with this 
simple formula, it can be shown that //r must not exceed 1/60, which means 
an impossibly large drop of at least 24cm. radius for water, and 16 cm. for 
mercury. For smaller, but still approximately ‘ flat’ drops, formule have 
been given by Worthington (1885), Fergusson (1913), and Rayleigh (1915). 
These formule enable a* to be obtained with fair accuracy for values of h/r 
less than about 0-18. This means, for water, a ae greater than 2-2 cm. 
and for mercury, 1-5 cm. 
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Smaller drops have been considered by Porter (1933). He gives a table 

of corresponding values of @?/r? and h?/r? for values of h/r from 0-457 

upwards. These are obtained directly from Bashforth and Adams’ tables, 

and are therefore exact, at least to the fifth figure. The gap between 

Rayleigh’s formula and the B. and A. values is then filled by an empirical 

equation, adjusted to fit the known points as closely as possible. His pro- 
posed equation (expressed in the notation of the present paper) is 

a®/r? — h2/r? = — 0-6094 (1 -- 4h?2/r*) h3/r3. (6) 

Unfortunately this does not fit accurately the B. and A. values which Porter 

himself quotes. In a later paper (1938) while not admitting this explicitly, 


he gives a modified curve, which is equivalent to a formula with slightly 
changed values of the constants. 


According to Porter’s equation, the simple relation (5) holds exactly for 
h/r =0-50. In the later paper, this is corrected to 0-498. Porter recom- 
mends that all measurements should be made on drops which have a value 
of h/r close to this. The correction to equation (5) is then small, and may 
be obtained from his table. The corresponding radii of the drop would be 
about 7-7 mm. for water, and 5-4 mm. for mercury. 


In the present work we have thought it advisable to work with drops 
of a slightly larger radius, falling entirely within the range of the B. and A. 
values quoted by Porter. If this is to take its place as one of the standard 
methods, an accuracy approaching | in 1000 must be aimed at. There is 
no means of knowing whether Porter’s curve is of this accuracy over the 
whole range. 


We have therefore fitted an empirical equation, of the same form as 
Porter’s, to the standard B. and A. values which he gives. The new equation 
is 

= h?/r? — 0-67338 (hr)? + 2°71434 (A/r)5. (7) 
The five standard values between h/r = 0-46 and A/r = 0-56 fit the new 
equation with residuals which in no case exceed 1 in 1,250. We believe, 
therefore, that the equation has the required accuracy over this range. It 
reduces to the simple equation (5) for the value h/r = 0-498, in agreement 
with Porter’s revised value. Since the equation agrees in form with Porter’s 
equation, which was designed for lower values of h/r, we consider that the 
new equation may be extrapolated to slightly smaller values with safety. On 
this basis we have calculated a?/r? for values of /'r from 0-446 to 0-558, at 
intervals of 0-002. Intermediate values may be read off by direct inter- 
polation. The results are given in Table I, and all our observations have 
been reduced by the use of this table. 


id 
e 
3) 
as 
nt 
4) 
al 
n. 
B, 
2, 
en 
ut 
nt 
1e, 
dle 
5) 
in 
lly 
his 
ns 
‘or 
ve 
5). 
m. 


152 H. J. Taylor and J. Alexander 


TABLE I 

Alr Alr a*/r2 Alr a3 /y? 
0:446 0: 18708 0-484 0- 23000 0-522 0-28190 
0-448 0- 18914 0-486 0-23249 0-524 0-28492 
0-450 0- 19123 0-488 0-23501 0-526 0-28797 
0-452 0- 19333 0-490 0- 23755 0-528 0-29105 
0-454 0: 19546 0-492 0-24012 0-530 0- 29416 
0:456 0- 19760 0-494 0-24271 0-532 0-29730 
0-458 0- 19977 0-496 0+ 24533 0-534 
0-460 0° 20196 0-498 0- 24798 0-536 0- 30369 
0-462 0+ 20417 0-500 0-25065 0-538 0- 30693 
0: 464 0: 20642 0-502 0-25335 0-540 0-31020 
0: 466 0+ 20866 0-504 0- 25608 0-542 0-31351 
0:468 0-21094 0-506 0-25883 0-544 0-31685 
0-470 0- 21324 0-508 0- 26162 0-546 0- 32022 
0-472 0- 21557 0-510 0- 26443 0-548 0: 32363 
0-474 0- 21792 0-512 26727 0-550 0-32707 
0-476 0- 22028 0-514 0-27014 0-552 0-33055 
0-478 0- 22268 0-516 0- 27303 0-554 0-33407 
0-480 0-22510 0-518 0-27596 0-556 0- 33762 
0-482 0- 22754 0-520 0- 27892 0-558 0- 34121 


3. Experimental Arrangements 


Drops are formed conveniently by means of the apparatus shown in 
Fig. 1. The liquid is contained in a wide tube T, connected by a capillary 
A to a vertical tube V. B is a cylindrical brass ring cemented to the upper 
end of the tube V. When the clip C is opened liquid flows through the 
system under gravity, and a drop is formed on the ring B. The capillary 
serves to reduce the rate of flow, so that the drops form slowly. With water, 
the complete process takes 25 sec. or more, depending on the pressute, and 
it may be stopped at any stage by closing the clip. 


The various stages of formation are shown in Fig. 2. A very remark- 
able ‘overhang’ can be attained before the drop runs over. During the 
early stages the contact angle is variable up to about 90°, but this has no 
special significance. When the drop reaches the edge of the ring it begins 
to bulge out, and the apparent contact angle increases to 180° before the 
drop collapses. This is due to the reluctance of the line of contact between 
the liquid and the brass to pass the sharp edge of the ring. This property 
of sharp edges has been discussed by Coghill and Anderson (1918) in con- 
nection with the stability of flotation of solid particles. 


The tube is mounted on a substantial wooden holder fitted with levelling 
screws. The surface through which the tube V projects is plane, and on it 
rests the removable cylinder D enclosing the ring B in a small chamber. 
This maintains thermal equilibrium. The temperature is read by a thermo- 
meter graduated in tenths of a degree, with its bulb a few mm. above the 
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drop. The drops which ow flover from B accumulate on the floor of the 
chamber, where filter-paper is placed. This ensures that the air in the 
chamber is saturated with vapour. The excess liquid can escape slowly 
through a small aperture, and drips into a beaker placed below the apparatus. 
The drop is illuminated and observed through windows W, and W. 


Recording is done photographically. An objective of 4” focus, pro- 
vided with a sensitive focussing adjusstment, throws an image of the drop 
on a photographic plate, with a magnification of about 2-7. An ordinary 
40 W electric lamp, with a condenser, provides the illumination. A large 
glass tank filled with water is interposed in order to reduce the danger of 
temperature fluctuations when the lamp is switched on. These arrange- 
ments are not shown in the figure. A weighted thread hangs as a plumb 
line immediately in front of the plate, and its image defines the vertical. 
Ilford R plates are used, as the laboratory happens to have a considerable 
stock of these. They are slow, and require an exposure of some 12 seconds 
at f/6-5, but they are of fine grain and yield excellent images. We generally 
use a smaller aperture, but not smaller than f/ll. It is evident from the 
geometry of the arrangement that a very small aperture could not form a 
sharp image of the profile of the drop in a plane passing exactly through 
its centre. 


Fig. 2 


Fic. 1 Fic. 3 


After development the plates are measured on a Gaertner comparator 
reading to 1/1000 mm. The plate is placed on a holder mounted on a rack 
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and pinion, so that it may be displaced perpendicularly to the direction of 
traverse of the comparator. The vertical height 4 is measured (Fig. 3) by 
setting the vertical along the direction of traverse. By using the auxiliary 
motion at right angles, the cross hairs are set successively on P Q, and R. 
The mean reading at P and R is used, to eliminate any small error in the 
perpendicularity of the two motions. We find in practice that the estimate 
of the point of contact of the vertical tangent at P and R can be made with 
considerable precision, and the accuracy is much greater than can be attained 
by observing the original drop directly with a travelling microscope. A 
reproduction of one of the photographs is shown in Fig. 4. 


In an actual experiment the procedure is as follows. After cleaning 
and mounting the tube on the holder, the levelling screws are adjusted until 
the upper surface of the ring B is horizontal. This is done by placing on it 
a small mirror, and observing the image of a plumb-line. When the surface 
is horizontal the plumb-line and its image are in one straight line. This gives 
quite a sensitive test. The cover is then placed in position, and the liquid 
introduced. A preliminary drop is formed, which is focussed accurately 
on the screen. A number of drops are then allowed to form and run over, 
in order to remove any residual trace of contamination. The final drop is 
then formed, and a photograph taken immediately. The plate is measured 
as already described. Since the diameter of the ring B is known accurately, 
the actual dimensions of the drop can be deduced immediately from the 
measurements. 


4. The Surface Tension of Distilled Water 


To test the possibilities of the method, we have applied it to measure 
the surface tension of distilled water. Due precautions have been taken to 
secure purity and cleanliness. The following results are based on photo- 
graphs of six different drops, and ten independent sets of measurements have 
been made on each plate. The measurements are very concordant, and 
are summarized in Table II. 


TABLE II 
- (Dimensions are given in mm.) 

Plate H R |H/R=Ajr| or. | air? a Temp. 
1 10°424+0-008 | 22-180 | 0°46997 | 8-3097 | 0-21321 | 71-687+0-19 | 27:6 
2 10°634+0-007 | 22-490 | 0-47283 | 8-2344 | 0-21655 | 71-497+0-19 | 27-7 
3 10°492+0-005 | 21-650 | 0-48462 | 7-9860 | 0-23077 | 71-665+0-16 | 27:7 
4 10°538+0-005 | 22-025 | 0-47846 | 8-1062 | 0-22324| 71-429%0-16 | 27-7 
5 10-596 40-004 | 22-475 | 0-47146 | 8-2759 | 0-21493 | 71-680+0-15 | 27-7 
6 10°652+0-004 | 22-905 | 0-46505 | 8-4071 | 0-20760| 71°448+0-15 | 27-7 
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In this table, H and R refer to the photographs, / and r to the original 
drops. Equation (7) shows that a® is relatively insensitive to small errors 
jn r. The probable error of a* thus depends chiefly on the uncertainty in 
the value of H and in the magnification. The result is also affected by 
uncertainties in the temperature. The latter has not been very rigorously 
controlled, but we are satisfied that the probable error in a, from this cause 
alone, would not exceed 0-01. The density of water and of saturated air 
have been taken from standard tables, and are not subject to any appreciable 
uncertainty, 


We have analysed the influence of these various factors on the accuracy 
of the result, and have deduced the following weighted mean as a final 


value; 
a = 71-56 + 0:07 dyn./cm. at 27-7° C. 


In order to compare this result with others, it is convenient to reduce it 
to 20°C. This can be done without appreciably increasing the probable 
error, since the temperature variation is known far more accurately than the 
absolute values. We use the formula of Richards, Speyers, and Carver 


1924 
(1924) a, = ay —0°1585 ¢ + 0-00023 #2 


which gives the result 
Gago = 72-70 + 0-07 dyn./cm. 


In Table III we have collected a number of other published values for 
comparison. The list is representative, but by no means exhaustive. It is . 
evident that the extreme uncertainty in this constant is still of the order of 
one-tenth of a unit. The present result agrees very well with othe: modern 
determinations. 

TABLE III 


Surface Tension of Water at 20° C. 


1885 Volkmann .. is Capillary rise 72°53 
1919 Harkins and Brown... do. 72°80 
1921 Sugden do. 72-70 
1921 Richards and Carver .. a do. 72°73 
1922 Sugden Bubble pressure 72°91 
1927 Moser Ring detachment 72°58 
1928 International Critical Tables = Adopted mean 72°75 
1931 Schwenker Ring detachment 72°55 
Achmatov .. .. Differential Capillary "72-70 


Cockett and Ferguson ++ Plane meniscus method 72°80 
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5. Discussion 


We believe this to be the first attempt to put the sessile drop method on 
a footing with the other standard methods. It bears some resemblance to 
the method of Andreas, Hauser and Tucker (1938), who photographed 
hanging drops and measured the dimensions. The hanging drop, however, 
has a very different shape, since its curvature is a maximum at the apex, 
while that of a sessile drop is a minimum. Further their reduction table is 
based on observations made with distilled water, of which the surface tension 
was taken as known. Our method has many of the advantages of theirs, 
and also yields absolute values. It may be useful to indicate the chief 
advantages as follows: 


(1) The observations, made on a neg liquid oan, are entirely inde- 
pendent of contact ‘angles. 


(2) The apparatus is simple to construct and “qui, and the procedure 
involves no special technical skill. 


(3) It is a static method, and there are no viscosity effects. 


(4) The method, unlike those involving jets and capillary tubes, is 
relatively insensitive to. small departures from perfection in the apparatus, 


(5) A fresh surface is formed for each observation, so that with reason- 
able care the risk of contamination is practically nil. 


(6) Successive observations can be made on the same surface, if it is 
desired to study the variation with time. — 


(7) Permanent records are obtained. 
The chief disadvantages are: 


(1) Relatively large quantities of liquid are required, since each filling 
of the tube takes some 25 c.cm. 


(2) In its present form the method is applicable to water and aqueous 
solutions only. (It is probable, however, that slight modifications would 
permit its extension to other liquids.) 


The possible sources of systematic error in this method are not numerous. 
Imperfections in the optical system would be one possible source. In the 
present arrangement the rays forming the marginal parts of the image make 
an angle of less than 24° with the axis. The lens is a standard photographic 
objective of excellent quality, and the effect of any residual astigmatism or 
other aberration in such a small angular field is almost certainly inappre- 
ciable. The window W, is actually a piece of a microscope slide, selected 
for its optical quality from many pieces tested, It is placed as close as 
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possible to the drop. Systematic errors might also conceivably arise in the 
temperature readings, and in the measurement of the plates. On examining 
these possibilities we conclude that any such errors, if present, are very 
small. 


We are of the opinion that the fluctuations in the results are almost 
entirely due to the random errors of observation. In further work it seems 
probable that an appreciably higher accuracy can be attained. To secure 
this, more rigorous temperature control will be needed, and closer attention 
to the details of photography and measurement. It will be necessary, 
moreover, to give further attention to the theory. We believe Table I, 
within its range, to be the most reliable reduction table for sessile drops 
yet available, but the probable errors of the measurements are already small 
enough to be comparable with the uncertainties in the tabulated values. 


Summary 


Apparatus is described by means of which sessile drops can be formed 
on the upper end of a vertical tube. The drops can be renewed as frequently 
as desired. Photographs of the drops are measured and from the dimensions 
the surface tension is calculated with the help of a new reduction table given 
in the paper. The method in this form is considered to be as reliable as 
any of the other standard methods. It has been applied to measure the 
surface tension of pure water against saturated air. The value at 20°C. 


is found to be 72:70 + 0:07 dyn./cm., in good agreement with other 
determinations. 
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